The cGMP-gated channel of the rod photoreceptor cell plays a key role in phototransduction by controlling the flow of Na + and Ca 2 + into the outer segment in response to light-induced changes in cGMP concentrations. The rod channel is composed of two homologous subunits designated as h and i. Each subunit contains a core region of six putative membrane spanning segments, a cGMP binding domain, a voltage sensor-like motif and a pore region. In addition the i-subunit contains an extended N-terminal region that is identical in sequence to a previously cloned retinal glutamic acid rich protein called GARP. Three spliced variants of GARP (the GARP part of the i channel subunit; full length free GARP; and a truncated form of GARP) are expressed in rod cells and localized within the outer segments. Immunoaffinity chromatography has been used to purify the channel from detergent solubilized rod outer segments. A significant fraction of the rod Na + /Ca 2 + -K + exchanger copurifies with the channel as measured by western blotting suggesting that the channel can interact with the exchanger under certain conditions.
Introduction
The cyclic GMP-gated channel of retinal rod photoreceptor cells plays a central role in phototransduction by controlling the flow of Na + and Ca 2 + into the outer segment in response to light induced changes in intracellular cGMP concentration. In the dark, a relatively high concentration of cGMP in the rod outer segment (ROS) maintains a significant number of channels in their open state, allowing Na + and Ca 2 + to flow into the outer segment and maintaining the rod cell in its depolarized state. Under these conditions, the intracellular Ca 2 + concentration is maintained at a relatively high level (: 400 nM) through the balanced efflux of Ca 2 + from the ROS by the Na + /Ca 2 + -K + exchanger in the plasma membrane. Photoexcitation of rhodopsin in disc membranes leads to activation of the visual enzyme cascade. Rhodopsin catalyzed exchange of GDP for GTP on transducin leads to the activation of phosphodiesterase and hydrolysis of cGMP. The resulting decrease in cGMP concentration causes the channels to close blocking the entry of Na + and Ca 2 + into the ROS. The resulting hyperpolarization of the rod cell inhibits transmitter release at the rod synapse. A decrease in Ca 2 + in the outer segment also occurs as the Na + /Ca 2 + -K + exchanger continues to extrude Ca 2 + from the ROS. The photorecovery process is initiated by the shut off of the visual cascade reactions and activation of guanylate cyclase. The latter is mediated by Ca 2 + binding proteins called GCAPs or guanylate cyclase activating proteins [1] [2] [3] .
The functional properties of the rod cGMP-gated channel have been widely studied in both rod photoreceptors and heterologous cells (for review see [4] [5] [6] [7] ). Generally, cGMP activates the channel in a cooperative manner with a K1 2 of 10-50 mM and a Hill coefficient (n) of 1.7-3.5. The channel is permeable to both monovalent cations such as Na + , K + , Li + , Cs + and Rb + and divalent cations including Ca 2 + , Mg 2 + , Mn 2 + and Ba 2 + . The pharmacological agent, l-cis diltiazem, and divalent cations such as Ca 2 + are known to markedly decrease the conductance of the channel. Calmodulin and protein phosphatases have also been shown to modulate the activity of the rod channel ( [8 -10] , see ref. [51] for review).
In this study we present an overview of the molecular composition and structural properties of the rod cGMP-gated channel. We also describe an efficient immunoaffinity method that can be used to purify the cGMP-gated channel from ROS. Using this procedure we show that the cGMP-gated channel interacts with the Na + /Ca 2 + -K + exchanger under certain conditions.
Methods

Preparation of ROS membranes
ROS were isolated under dim red light from freshly dissected bovine retinas by continuous sucrose gradient centrifugation as previously described [11] and stored at a protein concentration of 8 -10 mg ml − 1 in 20 mM Tris -HCl containing 20% sucrose at −80 o C until needed.
Monoclonal and polyclonal antibodies
Monoclonal antibodies to the bovine rod cyclic GMP-gated channel (PMc 1D1 and PMs 4B2) and polyclonal antibody (PPc 6N) against the N-terminus of the i-subunit of the channel have been previously reported [12] [13] [14] [15] . A monoclonal antibody (PMe 2D9) to the Na + /Ca 2 + -K + exchanger was generated from a mouse immunized with ROS as previously described [16] . Monoclonal antibodies PMc 1D1 and PMs 4B2 were isolated from mouse ascites fluid by ammonium sulfate precipitation and DEAE-Sephacel chromatography and coupled to CNBr-activated Sepharose 2B at a concentration of 1.5 -2.0 mg antibody per ml of packed beads ( [13] ). The 4B2 peptide (E-E-G-R-E-K-E-E-E-E-G-C-G) corresponding to the epitope for the PMs 4B2 monoclonal antibody was synthesized by Fmoc solid phase chemistry.
Immunoaffinity isolation of the channel from ROS
ROS were solubilized in the light at a concentration of 1 mg/ml in solubilization buffer (18 mM CHAPS, 20 mM HEPES, pH 7.4, 0.1 M KCl and 10 mM Pefabloc SC (Boehringer Mannheim)) and centrifuged at 40000 rpm for 15 min in a Beckman Optima TL centrifuge to remove any aggregated material. For immunoprecipitation studies, 1.0 ml of solubilized ROS was added to 0.1 ml of PMc 1D1-Sepharose prewashed in solubilization buffer. After gentle shaking for 10 min at 25°C, the unbound fraction was separated from the beads by low speed centrifugation in an Ultrafree filter unit (Millipore). The beads were washed six times with 400 ml each of solubilization buffer and subsequently eluted with 200 ml of 4% SDS. For isolation of the channel on a PMs 4B2-Sepharose matrix, a similar procedure was used except that 0.5 mg ml − 1 of the 4B2 peptide in solubilization buffer was used in place of SDS to elute the channel from the column.
SDS gel electrophoresis, Western blotting and immunofluorescence microscopy
Protein samples were run on SDS-polyacrylamide gels under reducing conditions and either stained with coomassie blue or transferred to Immobilon membranes. Western blots blocked with 0.5% Carnation Fig. 1 . Schematic diagram of the h-subunit of the rod cGMP-gated channel. Top: A linear diagram showing the size of the polypeptide chain and the location of several structural features including the predicted membrane spanning segments (S1 -S6), the glycosylation site (CHO), the pore region and the cGMP-binding site and the epitopes for several monoclonal antibodies (PMc 6E7, PMc 1F6, PMc2G11, PMc 1D1). The N-terminal 92 amino acid segment that is not present in the native ROS channel subunit is shown in black. Bottom: A topological model for the organization of the h-subunit in the membrane. A polyclonal antibody GS-2L that binds within the glycosylation site (hexagons) was used to localize this site to the extracellular side of the rod plasma membrane [20] ; monoclonal antibodies PMc 6E7 and PMc 1D1 were used to localize the N-and C-terminal segments to the cytoplasmic side [12, 14] . The ( +) indicate a region containing a high content of Lys residues and the dashed line indicates a 92 amino acid segment that is absent in the native ROS channel. Fig. 2 . Schematic diagram depicting how the pore regions between membrane spanning segments S5 and S6 and containing a glutamic acid residue (E) form loops that may extend toward the central cavity of a channel and form a gate and ion selectivity filter [28] . In this diagram three of the four h-subunits of this homotetrameric channel are shown. The actual organization of the various predicted membrane spanning segments (cylinders) is not yet known.
evaporated milk were labeled with the primary and secondary antibodies for ECL (Amersham) as previously described [17] . Cryosections of paraformaldehyde fixed bovine retinal sections were labeled first with the primary antibody and then with a secondary antibody conjugated with Cy3 dye for immunofluorescence detection as previously described [17, 15] .
Results
Structural features of the h-subunit of the rod cGMP-gated channel
A diagram showing some characteristic structural features of the h-subunit of the bovine rod channel is illustrated in Fig. 1 . The full-length bovine h-subunit contains 690 amino acids and has a calculated molecular mass of 79.6 kDa [18] . In rod cells, however, the N-terminal 92 amino acids are missing presumably due to cotranslational or posttranslational proteolytic processing [14] . This results in a polypeptide that has a calculated molecular mass of 68 kDa and generally migrates on SDS polyacrylamide gels with an apparent molecular mass of 63 kDa. The h-subunits from other mammalian rod cells are comparable in size and appear to be processed in a similar manner. The cone h-subunit in chicken retinal membranes is also considerably smaller in size than the full-length heterologously expressed polypeptide suggesting that proteolytic processing also occurs in cone photoreceptors [19] .
Primary structural analyses indicate that the h-subunit contains a cGMP binding domain near the C-terminus, six membrane spanning segments (S1 -S6), a voltage sensor-like motif comprising the S4 segment and a pore region between S5 and S6 ( Fig. 1 ). These two latter features are also found in voltage-gated cation channels. A lysine rich segment at the N-terminus of the native h-subunit is also apparent. Immunocytochemical labeling studies using antibodies to defined regions of the h-subunit indicate that the Nand C-terminus are exposed on the cytoplasmic surface and a glycosylated segment between the S5 membrane spanning segments and the pore region is present on the extracellular surface of the plasma membrane [14, 20] . On the basis of these studies and sequence analysis, a topological model for the organization of the rod cGMP-gated channel in the membrane has been proposed as shown in Fig. 1 .
The h-subunit assembles into a homo-oligomer exhibiting cGMP-activated channel activity when expressed in Xenopus oocytes and HEK 293 cells [18, 21] . Recent studies indicate that such heterologously expressed channels assemble into a tetrameric complex [22, 23] . Many of the electrophysiological properties of this homotetrameric channel, however, differ from the native ROS cGMP-gated channel [24, 9, 25] . For example, the channel composed solely of h-subunits is less sensitive to inhibition by l-cis diltizem, exhibits more stable and prolonged opening times, shows minor differences in ion selectivity and is not modulated by Ca 2 + -calmodulin. The pore region has been the subject of a number of structure-function studies. Site-directed mutagenesis indicates that a negatively charged glutamic acid residue is important in channel blockage by external Ca 2 + [26, 27] . Cysteine scanning mutagenesis has revealed that many residues within the pore region are accessible from both sides of the membrane [28] . On this basis, the pore region of each subunits has been suggested to consist of a loop that extends toward the central cavity of the channel complex. Together the loops of the subunits form the gate that controls the flow of ions through the channel and also serve as an ion selectivity filter (Fig. 2, [28] ). Such pore loops have also been proposed to serve similar functions in other channels [29, 30] . 
Structural features of the i-subunit of the rod cGMP-gated channel
The i-subunit of the rod cyclic GMP-gated channel is considerably longer than the h-subunit (Fig. 3) . The full-length bovine i-subunit consists of 1394 amino acids and has a calculated molecular mass of 155 kDa [25] ; the human i-subunit is somewhat smaller consisting of 1251 amino acids and having a calculated molecular mass of 140 kDa [15, 31] . On SDS polyacrylamide gels, the i-subunit migrates anomalously as a 220 -240 kDa polypeptide due in part to its high content of glutamic acid residues.
The i-subunit of rod cells has an unusual bipartite structure. The C-terminal core part of the bovine subunit (also called the i%-part) consists of 823 amino acids and contains the structural features found in both the h-subunit and other cyclic nucleotide-gated channels. These include six putative transmembrane segments (S1 -S6), a cyclic GMP-binding site near the C-terminus, a voltage sensor like motif within the S4 membrane spanning segment and a pore region between S5 and S6 (Fig. 3) . Unlike the h-subunit, however, the i-subunit is not glycosylated and does not contain a glutamic acid residue in the pore region. The 571 amino acid N-terminal part of the bovine channel, referred to as the GARP part, is essentially identical to a previously cloned glutamic acid rich protein [32, 25] and has a high content of proline as well as glutamic acid residues. The role of the GARP part of the i-subunit is not known at the present time.
Recently, several variants of the i-subunit of the cGMP-gated channel have been cloned from bovine testis [33] . The core region of these variants is identical to the i-subunit of bovine rod cells. The shorter N-termini of these cloned subunits, however, are different, most likely due to alternative splicing.
In addition to being part of the i-subunit, the GARP protein is also expressed in two other forms as shown in Fig. 4 [15] . The full length bovine protein (f-GARP) is identical to the GARP part of the i-subunit, but has an additional 19 amino acids at its C-terminus. The truncated protein (t-GARP) contains the same 291 amino acid N-terminal sequence as found in Fig. 4 . Diagram showing the size of the various forms of the i-subunit and GARP proteins resulting from alternatively spliced transcripts. Three GARP variants (GARP-part of the i-subunit, full length GARP (f-GARP) and truncated GARP (t-GARP)) are found in the outer segments of rod photoreceptors [15] . The i-subunit from testis contains the i%-part of the rod subunit and a short segment corresponding to the C-terminal region of GARP [33] . f-GARP and the i-subunit; it also contains an eight amino acid C-terminal extension. There is evidence that the three forms of GARP are also expressed in human and rat rod photoreceptors [15] . The truncated human GARP protein has been cloned from a human retinal cDNA library [34, 15] . The various GARP proteins appear to be products of alternative splicing.
Several monoclonal and polyclonal antibodies against the i-subunit of the cGMP-gated channel have been generated and their binding sites have been mapped (Figs. 3 and 4) . The polyclonal antibody PPc6N binds to the common N-terminus of the i-subunit, f-GARP and t-GARP. Immunofluorescent labeling studies using this antibody indicate that the various isoforms of GARP are only found in the rod photoreceptor outer segment layer of retinal tissue (Fig. 5) . The f-GARP and t-GARP proteins do not copurify with the cGMP-gated channel indicating that these proteins are not tightly associated with the channel in ROS (Fig. 6) . Monoclonal antibody PMs 4B2 binds to the glutamic acid rich repeat region (E-E-G-R-E-K-E-E-E-E-G) present in both the bovine f-GARP and i-subunit (Illing and Molday, unpublished).
Immunoprecipitation of the cGMP-gated channel
Previous studies indicate that calmodulin binds to the i-subunit of the channel in a calcium dependent manner [8, 17, 9] . To begin to determine if other ROS proteins also bind to the channel, we have used antichannel monoclonal antibodies coupled to Sepharose beads to immunoprecipitate the channel from detergent solubilized ROS for analysis by SDS polyacrylamide gel electrophoresis and western blotting. In this study, PMc 1D1-Sepharose was added to CHAPS or Triton X-100 solubilized ROS. After the unbound fraction was collected and the matrix washed, the bound protein was eluted under denaturing conditions with SDS. As shown in the coomassie blue stained SDS gel in Fig. 6 , the bound fraction contained two prominent polypep- tides migrating with apparent molecular masses of 63 kDa and 240 kDa. Western blots labeled with the PMc 2G11 h-subunit specific channel antibody and PPc 6N GARP antibody confirmed that the 63 kDa and 240 kDa polypeptides found in the bound fraction correspond to the h-and i-subunits of the rod channel, respectively. The channel was not detected in the unbound fraction indicating that this affinity matrix quantitatively bound the channel. The PPc 6N antibody also labeled a polypeptide having an apparent molecular mass of 55 kDa in ROS and in the unbound fraction. Previous heterologous cell expression studies indicated that this polypeptide corresponds to the truncated form of GARP called t-GARP [15] . GARP containing polypeptides migrate abnormally slow and therefore display an unusually high apparent molecular weight on SDS polyacrylamide gels. This is presumably due to the unusually high content of proline and glutamic acid residues in GARP proteins.
In these immunoprecipitated channel preparations, a faintly stained band was also routinely observed just below the i-subunit. To determine if this band corresponds to the Na + /Ca 2 + -K + exchanger (apparent molecular mass : 230 kDa), Western blots were labeled with the PMe 2D9 anti-exchanger monoclonal antibody. As shown in Fig. 6 (right panel) , this antibody labeled the 230 kDa polypeptide not only in ROS, but also in the bound and unbound fractions from the PMc 1D1-Sepharose column. These results indicate that a fraction of the Na + /Ca 2 + -K + exchanger in detergent solubilized ROS coprecipitates with the cGMP-gated channel.
Immunoaffinity purification of the rod cGMP-gated channel and its association with the
To further investigate if the 230 kDa Na + /Ca 2 + -K + exchanger is associated with the channel, a PMs 4B2 antibody-Sepharose matrix was used to isolate the channel from detergent solubilized ROS. In this case, however, the channel was specifically eluted from the matrix under mild, nondenaturing conditions using a synthetic peptide corresponding to the epitope for the Fig. 7 . The Na + /Ca 2 + -K + exchanger co-purifies with the channel by immunoaffinity chromatography. ROS solubilized in CHAPS in 0.1 M KCl were added to PMs 4B2-Sepharose beads and the unbound fraction was collected. After washing the beads, the bound protein was eluted with the 4B2 competing peptide. SDS polyacrylamide gels of ROS (lane a), unbound fraction (lane b) and bound and eluted fraction (lane c) were either stained with coomassie blue (CB) or transferred to Immobilon and labeled with the anti-exchanger antibody (PMe 2D9). The bound fraction contains the highly purified channel as indicated by the prominent 63 kDa h-subunit and 240 kDa i-subunits present in the coomassie blue stained gels and confirmed by western blots (data not shown). The faintly stained 230 kDa polypeptide corresponds to the Na + /Ca 2 + -K + exchanger as shown by in the western blot labeled with the PMe 2D9 anti-exchanger antibody. The exchanger is present both in the bound and unbound fractions. PMs 4B2 antibody. As shown in the coomassie blue stained gel in Fig. 7 , the 63 kDa and 240 kDa polypeptides were observed in the peptide eluted fraction. Western blots labeled with channel specific monoclonal antibodies confirmed that these polypeptides correspond to the h-and i-subunits of the channel (data not shown). In addition, the faintly stained 230 kDa polypeptide was also present in the eluted fraction. A Western blot labeled with the PMe 2D9 anti-exchanger monoclonal antibody confirmed that this 230 kDa polypeptide is the exchanger (Fig. 7) . The exchanger was also found in the fraction that did not bind to the affinity matrix.
To rule out the possibility that the exchanger present in the affinity purified channel preparation results from the direct binding of exchanger to the affinity matrix, a sample of the exchanger purified by DEAE and red dye absorption chromatography [35] and free of channel was incubated with the PMs 4B2-Sepharose matrix. The unbound and bound fractions were then analyzed for the presence of exchanger by western blotting. In this control study, all the exchanger was found in the unbound fraction (data not shown) indicating that the PMs 4B2-Sepharose matrix does not directly bind to the exchanger.
Results obtained from both immunoprecipitation studies using PMc 1D1-Sepharose and affinity purification studies using PMs 4B2-Sepharose indicate that a significant amount of the exchanger interacts with the channel in detergent solubilized ROS preparations under isotonic salt conditions.
Discussion
Cyclic nucleotide-gated channels comprise a family of ion channels that are activated or inhibited by the reversible binding of cyclic nucleotides [5, 7] . The photoreceptor and olfactory channels have been most extensively studied at a molecular and physiological level since these channels are abundantly expressed in their respective sensory cells and are known to play a key role in sensory signal transduction. Cyclic nucleotidegated channels have also been detected in a wide variety of other tissues such as kidney, lung, pineal, retinal ganglion cells, testis, aorta and brain, but in general, they are expressed at relatively low levels and their physiological role has yet to be defined [36 -40] . A cyclic nucleotide-gated channel has also been cloned from invertebrates [41] and detected in cultured carrot cells [42] . In addition to the nonselective cation channels, a GMP-gated K + channel [43] and a cGMP-activated Cl − channel [44] have recently been reported. The native rod and olfactory channels are composed of two homologous subunits having common structural features including six putative transmembrane segments, a cyclic nucleotide binding site, a voltage sensorlike motif as part of the S4 transmembrane segment and a pore region [18, 24, [45] [46] [47] [48] 25] . The latter two features are found in voltage-gated channels leading to the possibility that cyclic nucleotide-gated channels and voltage-gated channels have evolved from the same primordial gene. The h-subunit of the rod and olfactory channel appear to be the dominant functional subunits since cGMP activated channels are formed when the h-subunit is expressed in heterologous cells. In contrast, the i-subunits, by themselves, do not form functional channels. Thus, it would appear that the i-subunit has evolved to confer distinct properties onto these channels. It is possible that some tissues may express only the h-subunit and that these subunits assemble into a homomeric channel. In other tissues the h-subunit may assemble with either spliced variants of the i-subunit or novel subunits to result in heteromeric channels. Such combinations of subunits could lead to a set of cyclic nucleotide-gated channels with unique properties that are critical for their function in different cells.
The stoichiometry of the native rod channel has yet to be rigorously determined. Recent reports indicate that the expressed h-subunit assembles into a homotetrameric channel [22] . This finding coupled with the cooperativity observed for calmodulin modulation of the channel [49] suggests that the native rod channel may exist as a heterotetramer consisting of two h-and two i-subunits.
The bipartite structure of the i-subunit is particularly interesting. The core or i% region appears to be sufficient to co-assemble with h-subunit and impart such properties as l-cis dilitazem sensitivity, calmodulin modulation and channel flickering as found in native ROS channels [24, 9, 25] . The role of the N-terminal GARP part is not known at the present time. Since immunofluorescent labeling studies indicate that GARP is specifically expressed in the outer segments of rod cells, one can speculate that it may be involved in specific protein-protein interactions which help to maintain the spatial organization of the channel in the ROS plasma membrane and/or help stabilize the outer segment structure. The role of the various alternatively spliced forms of GARP also remains to be determined.
Monoclonal antibodies to the channel subunits have proven to be valuable reagents to identify, characterize and localize the channel in both rod photoreceptors and in heterologous cells. In this study we have used these reagents to efficiently purify the channel from detergent solubilized ROS under mild conditions. The channel subunits appear as the major polypeptides in these purified channel preparations. In addition a significant fraction of the Na + /Ca + 2 -K + exchanger specifically co-purifies with the channel. These results suggest that at least some of the channel interacts with the exchanger in detergent solubilized ROS prepara-tions. This finding is consistent with an earlier report of Bauer and Drechsler [50] . Using Ca 2 + flux measurements, these investigators showed that the channel and exchanger preferentially distribute to the same sonicated ROS vesicles and reconstituted lipid vesicles implying that the channel and exchanger are associated within the membrane. Further studies are now being carried out to determine if the exchanger that is associated with the affinity purified channel is functionally active.
In addition to calmodulin and the exchanger, other ROS proteins may interact transiently or stably to regulate the channel activity or maintain its organization in the ROS plasma membrane. Biochemical and molecular biology techniques are now being used to identify and characterize candidate proteins.
